Introduction
Microstructural control is significant for acquisition of required properties for specific applications. For nickel-base single crystal superalloys, the most important microstructural control is to avoid the formation of stray grains [1] and sliver defects [2] during solidification and recrystallisation during subsequent heat treatment. This is because in all cases the presence of additional grain boundaries will be detrimental to creep and fatigue properties [3] [4] . The former is associated with local casting conditions while the latter is dictated by the localised stress and strain development during solidification and cooling. On the other hand, surface elemental evaporation during heat treatment has also been shown to promote recrystallisation [5 -6] . It is known that stresses could develop during solidification of molten metals and subsequent cooling due to the difference in thermal expansion coefficients of metals and ceramic cores and shells. These stresses can be of a magnitude sufficient to cause plastic yielding of the single crystal superalloys. The plastic strain induced could be high enough to cause recrystallisation during subsequent heat treatment [7] . Cox et al [7] reported that recrystallisation of a single-crystal superalloy CMSX4 is highly dependent on the degree of plastic strain and temperature at which the strain is introduced. Panwisawas et al [8] further identified the critical plastic strains for recrystallisation of CMSX4 at several high temperatures through experiments. Li et al [9] predicted that the critical plastic strain for recrystallisation to be at least 6% by using a thermal-elastic-plastic model. This kind of research improves the understanding of conditions that could lead to recrystallisation during post-casting heat treatment. However, these studies are not very helpful in understanding the stress and strain build-up during cooling from solidification. So far, work in this area is generally lacking. Panwisawas et al [10] performed a series of standard creep tests and stress relaxation tests at several high temperatures and found that the creep flow over a range of temperatures is time dependent. They then derived several steady state creep or Norton's equations to act as a constitutive law of plastic flow to describe the stress and strain evolution during cooling over a wide range of temperatures. Nevertheless, it is noted that the obtained steady state creep equations are not entirely relevant to cooling from solidification as the local solidification/cooling time is much smaller than that considered in creep. Also, the stresses applied in the creep tests (stress control or at a constant stress at a specific temperature) were below the yield stress, unlike the stresses developed during cooling after solidification that could exceed the yield stress, according to the calculation using an elastoplastic model [8, 11] .
Our previous work [12] indicates that stress relaxation plays an important role in stress and strain development at a specific temperature. The role of stress relaxation has been examined in different metals and alloys systems over a wide range of temperatures and applied stresses [13 -16] . It has been shown that the decay in stress during relaxation follows logarithmic time dependence [15 -17] . Particularly, relaxation would be significant when the stress in the single crystal superalloys is high. As such, it is important to take stress relaxation into account when we try to develop an understanding on the stress and strain development during cooling. This can be realised by conducting stress relaxation testing over a range of temperatures and stresses. The stress relaxation testing could be performed either under displacement control mode (the length of the metal and the loading train remain constant) or strain control mode (the length of the metal keeps constant). The former mode will involve both elongation and relaxation and as a result the macroscopic strain rate is a combined result of creep (or plastic deformation when stresses are larger than yield strength) and relaxation.
In the current study, a series of isothermal stress relaxation tests were performed under displacement control at several high temperatures and different initial stresses. The main purpose is to develop constitutive laws to describe the stress and strain development during cooling. It is noted that there are numerous constitutive based modelling laws that have been developed to simulate creep behaviour of single crystal superalloys [18 -22] . However, they are not representative for the stress and strain development during cooling from solidification since the assumption of constant stress does not hold true in the continuous cooling case.
Also, these models were developed primarily for addressing visco-plasticity in single crystal superalloys to simulate creep behaviour. On the other hand, a number of microstructure-based constitutive models have been developed to describe the visco-plastic flow based upon the dislocation activities and microstructures [23 -27] . Such microscopic based equations do not assume a constant stress state and thus can be potentially developed to describe the stress and strain development during cooling from solidification. However, they are computationally expensive to be implemented in a macro-solidification model of heat flow. In contrast, the currently proposed experiment-based approach (through a best-fit method) to develop a constitutive law to describe the stress and strain development during cooling is more pragmatic and economical.
An in-situ cooling test from a high temperature was also performed on a single crystal Nibase superalloy but conducted in strain control mode instead of displacement control mode.
The obtained results will be compared with the developed constitutive law. In all of these experiments the neutron diffraction technique will be used, where the lattice strain will be measured. Since the single crystal samples used in this study possess a near-[100] axial orientation (axial orientation was within 5° from [100]), an axial load was applied. As such, a direct correlation between the macroscopic strain and the (200) lattice strain can be obtained because these lattice planes are aligned almost normal to the loading axis. This method permits an in-situ measurement of elastic strain that develops from a change in lattice spacing during cooling.
Experimental

Investment casting of test pieces
Tensile test pieces with a diameter of 5.85 mm and a gauge length of 29 mm of CMSX4 (nominal composition in Table 1 ) following the design used in [12] , have been fabricated using the state-of-the-art investment casting process at the Precision Casting Facility (PCF), Rolls-Royce plc, Derby, UK. Prior to casting, moulds were seeded with CMSX4 with the required orientation to ensure an axial orientation of the single crystals within 5° from [100].
The single crystals were then directionally solidified in a small-bore furnace using a withdrawal rate of 5 × 10 -5 m/s. In this manner, the orientation of the seed was conferred on to the test pieces that subsequently solidified; more details are included in [12] . Tensile bars were subject to electro-discharge machining (EDM) at the shoulders and grips, but the gauge length part remained as-cast.
In-situ neutron diffraction experiments
Isothermal stress relaxation testing
A series of samples were examined during in-situ heating, loading and subsequent relaxation of stress on the ENGIN-X instrument, at the ISIS pulsed neutron facility, Rutherford
Appleton Laboratory, Didcot, UK. The setting up of the specimens for in-situ experiments follows the same procedure as has been described in detail elsewhere [12] . The radiant air furnace or so-called mirror furnace [28] was used for heating specimen which was aligned in horizontal direction. A K-type thermocouple was held in contact with the sample to monitor temperature within the gauge region from where the neutron diffraction measurements are made with an accuracy of (±1 o C) [29] . The loading axis was horizontal and the rig was positioned to give the longitudinal lattice displacement in one detector and the transverse lattice spacing in the other. The detectors were fixed at 90° to the incident beam and the data obtained from the full ± 15° radial detector bank. Isothermal stress relaxation tests were conducted at several high temperatures including 900°C, 940°C, 980°C and 1000°C. In the temperature range of (900°C -1000°C), the microstructure comprises of γ + γ ′ . By using the commercial software, JMatPro TM , which employs a multi-component thermodynamic database, Ni-Data developed by ThermoTech UK (Ltd), the phase fraction of γ and γ ′ were calculated using the equilibrium model [30] . Accordingly, γ fraction was found to vary between 0.30 to 0.36 (γ′ fraction varied between 0.68 to 0.62). The samples were heated at a ramping rate of 10 °C/min up to 800°C and thereafter at a rate of 5 °C/min to the set temperatures. At each temperature, a range of initial tensile stresses were used for stress relaxation testing and the stresses were applied at a rate a strain rate of 0.2% min -1 .
Specifically, the loading started with a relatively small stress and dwelt at the stress for nine minutes, which was then followed by stress relaxation under displacement control mode for an additional nine minutes. The initial stress was then increased by an increment of 10 MPa from the previous applied initial stress before another dwelling, followed by a stress relaxation test. This process was repeated until the samples failed. The predicted stress ranges derived from previous modelling study of solidification and cooling of simple onedimensional and three-dimensional bobbin-type geometries has been taken as a reference for the selection of starting stress for each temperature [8, 10] . Prior to loading, each sample was held at each testing temperature for nine minutes for thermal equilibrium and also to get the extensometer stabilised. The detailed loading and stress relaxation testing process are illustrated in Figures 1 and 2 . In comparison with a typical creep test where the stress is usually held constant, the stress during relaxation testing generally decreases continuously.
Because of this, with the same starting stress and within the same testing timescale Δt, the sample length after creep testing (L 1 ) is generally larger than that after relaxation testing (L 2 ).
The difference between the two lengths (ΔL = L 1 -L 2 ) and thus the difference between two strains are the direct result of stress relaxation, as shown in Figure 1 (a). Creep testing is usually performed under stress control mode where the stress σ is kept constant and both the length of specimens (L A ) and the combined length of both specimen and loading train (L B )
will change; see Figure 1 (b). The stress relaxation testing could be conducted under either displacement mode or strain mode. Under displacement control mode, both σ and L A will change but L B will be kept constant. In this case, any elongation of the specimens will be compensated by the contraction of load trains/arms to keep L B constant. Under strain control mode, L A will be strictly kept constant. It is hypothesised that the strain development under either displacement control mode or strain control mode differs from the one conducted with constant stress. Displacement control mode allowed stress relaxation to take place and its contribution to the macroscopic strain will be addressed in this study.
In the current study, the stress relaxation tests were carried out under displacement control mode. During stress relaxation, the lattice spacing (d) decreases and consequently a relaxation strain (ε rel ) is developed which leads to contraction of the bulk specimen relative to the sample under creep testing where the stress is held constant and there is no such lattice strain development.
The macroscopic strain ε developed during stress relaxation testing could be measured by the extensometer attached to the specimens. Further, by measuring the d-spacing by neutron diffraction before and after relaxation testing it is possible to calculate ε rel . The neutron diffraction acquisition was made every 3 mins throughout the entire stress dwelling and relaxation process, as shown in Figure 2 . The time interval of 3 mins is representative of the local cooling rate under typical casting conditions. Every measurement took 3 mins and three such measurements were made successively throughout a single relaxation test which lasted 9 mins. Therefore, measurement 1 corresponds to a time interval (0 -3) mins, measurement 2 refers to a time interval (3 -6) mins and measurement 3 corresponds to a time interval (6 -9) mins. After heating to each test temperature (900°C, 940°C, 980°C and 1000°C), the sample was held isothermally at that temperature (without application of load) for 9 mins, when three successive measurements were made to determine d 0 and an average was subsequently taken. The integration time for each measurement, i.e. (0 -3) mins, (3 -6) mins and (6 -9) mins is therefore 3 mins.
Consequently, the lattice strain during stress relaxation could be calculated using the following equation:
where d 0 is the starting lattice spacing before application of load and d is the d-spacing after stress relaxation in an interval (Δt) and it must be emphasised that relaxation is occurring during the measurement time.
With neutron diffraction, both the d-spacing for (100) crystal planes of γ / (L1 2 ) (d 100 ) and that for (200) crystal planes of (γ+ γ / ) (d 200 ) could be identified. By working out ε rel in different durations and under different temperatures and stress levels, it is possible to derive the dependence of strain rate (or strain) on temperature, stress and time. The strain rate equation is generally in the form of:
where ̅ vp is effective visco-plastic strain or equivalent plastic strain. However, under displacement control (Figure 1(b) ) the two ends of the load train are fixed, but the sample length is not fixed. Therefore, there will also be a change in macroscopic strain (ε) accompanying relaxation, although under decreasing stress. By working out ∆ε in different time durations and under different temperatures and stress levels, it is possible to derive its dependence on temperature, stress and time. This visco-plastic strain is ∆ε = ε vp . Also, it is anticipated that relaxation strain rate is generally in the form of:
It should be emphasised that under constant stress (or stress control), this change in macroscopic strain is attributed to the creep strain.
This kind of analysis has led to development of constitutive laws describing the macroscopic strain and relaxation strain during cooling of a typical nickel-base single crystal superalloy.
By adopting an Arrhenius form through a variable separation method, equations of strain rate can be achieved:
where ̇v p and ̇r el are the macroscopic strain rate (or visco-plastic strain rate) and relaxation strain rate, respectively, A 1 and A 2 are the pre-exponential constant, E 1 and E 2 are the energy factor, R is the gas constant, T is the temperature, B 1 and B 2 are exponential constants, σ 0 is the 0.2% yield stress.
Continuous cooling testing
In addition to in-situ isothermal testing, an in-situ cooling test was also performed. The sample was heated from room temperature to 1000°C and followed by an isothermal hold for 9 mins. A tensile stress of 350 MPa was applied and the sample was held for a further 9 mins prior to cooling. Cooling was carried out at a nominal rate of 1 °C min -1 . During casting, the metal solidifies and cools in a ceramic mould and hence contraction of metal around a rigid ceramic will place the metal in a state of tension. Hence, for this test, the sample was held under strain control mode to better simulate the real strain development during cooling. The strain control mode uses the reading from an extensometer attached to the sample to counteract the thermal contraction, ensuring that the total strain read from the extensometer remains constant. Strain control gives a better match to the constraint conditions found during casting than the displacement control mode would, since the displacement reading also includes the effect of thermal expansion in the grips, which will not be constant during a cooling test. The initial applied stress of 350 MPa is equivalent to the stress that would have developed in the metal during solidification down to 1000°C [8] . In calculation of the lattice strain using Equation (1), d 0 is the stress-free lattice spacing at a given temperature. This is obtained as a linear best-fit for d 0 measured at 900°C, 940°C, 980°C and 1000°C. Figure 2 shows the stress development during stress relaxation testing from a series of initial stresses at several different temperatures under displacement control. It can be seen that at each temperature the extent of stress relaxation is significantly dependent on the initial stress level. The higher the initial stress, the more pronounced the stress relaxation. This is consistent with our previous observation on stress relaxation [12] . With successively increased loading and relaxation testing, the strain continually increased until the samples fractured. It is worth emphasising that in the stress relaxation tests, most of the stresses exceeded the yield strength of the material at that temperature; see Figure 2 and Table 2 . As such, the measured macroscopic strain is a measure of elongation during stress relaxation.
Results
Isothermal stress relaxation
Since the macroscopic strain is dependent on the stress and testing temperature, for a meaningful comparison between experiments, the applied stress has been normalised by the 0.2 % yield stress σ 0 at each temperature; see Table 3 . Accordingly, Figure 3 shows the dependence of macroscopic strain rate on σ/σ 0 within different relaxation durations (3, 6 and 9 mins) at 900°C, 940°C and 1000°C respectively. It can be seen that the macroscopic strain rate increases continuously with σ/σ 0 . At a specific σ/σ 0 and a given temperature, the strain rate decreases with time. This becomes more prominent when σ/σ 0 is larger than 1.28. This time dependence of strain rate suggests that the macroscopic strain that the samples have experienced is visco-plastic in nature. It is also seen that the macroscopic strain rate increases by a factor of 2 -3 with increasing temperature for a given σ/σ 0 and relaxation time. 
According to this equation, it can be further seen that the macroscopic strain developed during relaxation is visco-plastic in nature and that the stress plays a major role in the viscoplastic strain development. Calculations based on this constitutive equation with some specific stresses, times and temperatures have also been performed and compared with the current experimental measurements. The comparison results are shown in Figure 3 with the solid and dotted lines representing the calculations. The calculations were found to be generally in a good agreement with the experimentally measured visco-plastic strain rates although the fit at 900°C becomes worse when σ/σ 0 is larger than 1.28, suggesting that the derived visco-plastic law is valid within the investigated temperature range and time scale.
Owing to stress relaxation, the lattice spacing is expected to decrease during relaxation at 900°C, 940°C, 980°C and 1000°C, respectively and which has been observed. The lattice spacing decreased continuously with increased relaxation time or with continuously decreased stress. Correspondingly, the (200) lattice strain was also found to decrease with stress relaxation; see Figure 4 . The dependence of lattice relaxation strain rate on normalised stress (σ/σ 0 ) and time at several temperatures has also been examined and the results are shown in Table 4 and Figure 5 . Importantly, included in Table 4 smaller than the measured lattice relaxation strain rates and is less significant at higher stresses. Similar to the case for visco-plastic strain rate, the relaxation strain rate also increases with increased σ/σ 0 but is typically an order of magnitude lower than the viscoplastic strain rate. Moreover, it should be noted that for a given σ/σ 0 and temperature, the visco-plastic strain rate exhibits a monotonic decrease with increased relaxation time, while in the case for the relaxation strain rate, no such a pattern is observed ( Figures 3 and 5 and 
Calculations using this equation at some specific stresses, temperatures and times have been also derived (corresponding to the solid lines in Figure 5 ). It can be seen that notwithstanding the temporal dependency being not considered, there is reasonable agreement between the calculated and measured relaxation strain rates. The best-fit is however not as good as in the case of the visco-plastic strain rate where the time dependency was considered. Figure 6 shows the stress and lattice strain development during cooling (at 1°C/min) from 1000°C and 350 MPa under strain control mode. It can be seen that in the early stages of cooling, the stress relaxation is significant. The stress decreased by 95 MPa when it cooled down from 1000°C to 988°C and by 77 MPa in the first 5°C cooling, i.e. from 1000°C to 995°C. In the temperature range from 988°C to 957°C, stress relaxation becomes less pronounced with only a slight increase in stress (∆σ ∼ 3 MPa). However, upon further cooling from 988°C to 957°C there is an increase in stress governed by the thermal strain.
In-situ cooling test
With the stress development during cooling, there is a corresponding change in the (200) lattice strain. The experimental measurement on stress development during cooling is also compared with the calculations derived from the visco-plasticity law that has been developed and described above. The result is shown in Figure 7 . There is a similarity in the overall trend of the two curves, i.e. both the calculated and measured show stress relaxation in the early The stress and strain development of nickel-based single crystal superalloys during cooling can be described as follows:
where α is the thermal expansion coefficient, ∆ε is the change in strain during cooling from T to [T -∆T] in time interval ∆t (∆T > 0). In the case of free contraction, ∆ε = α∆T, in the case of complete constraint ∆ε = 0 and for all other cases, ∆ε >0.
The measured relaxation in lattice strain ∆ rel and the thermal strain α∆T development during cooling from 1000°C to 988°C are shown in Table 5 . The uncertainty in the (200) lattice strain ranges between 34 ×10 -6 -36 ×10 -6 and is also included in Table 5 . Again it is clear that the measurement uncertainty is at least five-fold lower than the (200) 
where, ε pl is the time-independent plastic or hardening strain [8, 10, 11] and the visco-plastic term arises primarily from relaxation of the elastic strain, i.e. that the evolution of stress is related to the decrease in temperature and also the relaxation that is occurring simultaneously, especially for low cooling rates (1 K/min). During initial cooling in the temperature range of (1000°C -988°C), the decrease in stress principally arises from relaxation effects, as the ratio of relaxation strain to thermal strain is at least close to six-fold. In the temperature range of (988°C -957°C) the increase in stress is marginal, as relaxation is almost countered by the development of thermal strain. In the temperature range of (957°C -900°C), the thermal strain dictates the increase in stress.
Discussion
The that is akin to strain control. This is very important for selection of loading modes for isothermal experiments (stress, displacement and strain control) to develop the visco-plastic law for stress and strain development of nickel-base superalloys during cooling from high temperatures. It is obvious that the conventional method of constant stress is incorrect, as it neglects relaxation. The choice of displacement control to allow for relaxation to decrease stress is also incomplete. In the absence of a rigid constraint, time-dependent elongation will dominate over relaxation when actual stress is larger than yield stress (σ > σ 0 ), which leads to an under-estimation of visco-plasticity and thus is not representative of casting conditions.
During casting the contraction of the metal is highly constrained by the ceramic mould and internal core due to the significant difference in the thermal expansion coefficients of the metal and ceramic (by an order of magnitude) [10, 11] . Therefore, isothermal experiments under strain control mode would be thus the most appropriate approach in developing viscoplastic law to describe the stress and strain development during cooling after solidification.
Therefore, our future work will focus on performing a series of stress relaxation tests under strain control mode over a range of temperatures to simulate the visco-plasticity during the cooling process and to improve the understanding of stress and strain development during cooling from solidification. Nevertheless, it is important to emphasise that the currently developed constitutive law is better than the usually adopted constitutive equations developed for creep in predicting the stress and strain development during cooling as it has taken into account the stress relaxation factor.
Moreover, the current observation of significant stress drop in the beginning of in-situ cooling test is significant for the stress and strain control for nickel-base single crystal superalloys in the early stage of cooling after solidification. According to Panwisawas et alʹs modelling and analysis [8] , the plasticity needed for recrystallisation is induced during the early stages of cooling. As such, if measures could be taken to promote stress relaxation in the early stage of cooling from solidification, we may avoid excessive build-up of plasticity that would be high enough to trigger recrystallisation during post-casting heat treatment.
Conclusions
• The macroscopic strain development of a nickel-base single crystal superalloy during stress relaxation was found to be visco-plastic for the range of stresses (σ > yield stress) and the temperature range (900°C to 1000°C) in this study.
• A constitutive equation has been developed based on isothermal stress relaxation tests under displacement control mode to describe the visco-plasticity development during relaxation.
• Lattice relaxation dominated the visco-plastic strain development in the early stage of cooling when the samples were tested under strain control mode that is equivalent to casting conditions.
• The calculation based on the currently developed visco-plasticity equation
underestimates the role of relaxation in stress and strain development during early stage of cooling.
• Stress relaxation under strain control mode is at least two-fold greater than that occurring under displacement control mode and the former is more appropriate for determining the visco-plastic response under the conditions studied. 
